We study the reaction cross sections of "Li projectile on various targets at high projectile energy E1ab/A=800 MeV. The cross section due to the nucleonic interaction is calculated by using a simple Glauber model, while that due to the electromagnetic interaction is obtained by assuming the break-up process through the giant dipole resonance of the projectile. The small separation energy of two neutrons outside 9Li core enhances significantly both the cross sections of "Li projectile, especially on heavy targets. The calculated cross sections reproduce fairly well the experimental data except Pb case. The calculations are also perlormed in a medium energy case with E1ab/A =40 MeV taking into account both the electric dipole and quadrupole contributions. § 1. Introduction
The interaction cross section of heavy-ion collision is induced by the strong nucleon-nucleon and the electromagnetic interactions. Recently, the electromagnetic dissociation (EMD) cross sections of light neutron-rich projectiles are obtained from the target dependence of the interaction cross sections. I) It is shown that the nucleonic cross section is well described by the Glauber model approximation,2),3) while the EMD cross section is attributed to the break-up process after the excitation of giant dipole resonance (GDR). 4) . The measured EMD cross sections of light neutron-rich nuclei show an enhancement, especially, on the hig;h-Z targets. This experimental evidence suggests thatthe GDR strength distribution in the neutron-rich nuclei is significantly pushed down to the low excitation region. 5 ) The enhancement of low-lying dipole resonance in neutron-rich nuclei has been discussed by using the macroscopic 6 ) and the microscopic will be discussed in § 3 in comparison with available experimental data. The contribution from the electric quadrupole resonance is also examined in § 3. Section 4 is devoted to a summary. § 
Formulas for the reaction cross sections
The interaction cross section is divided into two parts:
where (JAUCi is due to the nucleon-nucleon interaction between two nuclei, while (J~MD is induced by the electromagnetic interaction through the GDR. The contribution (JAUCi is calculated by using the formula 2l based on the Glauber approximation. The total reaction cross section is given by (2) where T(b) is the transparency function and b is the impact parameter. Assuming the zero-range interaction between projectile and target, T(b) is given by
where PT(r) and pp(r) are the density distributions of target and projectile, respectively. The average nucleon-nucleon collision cross section(f is expressed as
where ZT, NT and AT (Zp, N p and Ap) are the proton, neutron and mass numbers of the target (projectile), and (Jpp and (Jnp are the proton-proton and neutron-proton collision total cross section «(Jpp=46.6 mb and (Jnp=38.5 mb, at an incident energy of 800 MeV /nucleon, while at 40 MeV /nucleon, (Jpp=74.8 mb and (Jnp=218 mb.) .
. Two different types of density distributions are used for the target densities PT(r). The two parameter harmonic oscillator model
PT(r) AT
for fitting the charge form factor of electron scattering.
10 )
The correction of the proton finite size is taken into account by using the Gaussian distribution with the radius parameter ap=0.69 fm. The density parameters adopted are given in Table I .
The density distribution of the projectile llLi is calculated assuming that the nucleons fill the Hartree-Fock single particle orbits from the bottom of the shell in ,order. The last two neutrons go into the Opl/2-orbit whose single particle energy is constrained to the empirical value. The configuration mixing of lsl!2-neutron orbit into the ground state is discarded in the present study since the large scale shell model calculation ll ) shows that the mixing is less than 10% and does not increase the radius significantly. Since the separation energies in llLi are quite different for one-neutron and for two-neutrons, it is not obvious which value is appropriate as a constraint for the single particle wave function of Opl/2-state. In this study, we examine two extreme cases for the separation energy: (1) Sln=1.0 MeV, (2) S2n/2=0.1 MeV. It is desired to solve the Faddeev equation for 3-body problem to determine the wave function of di-neutrons in llLi more accurately.
To calculate the EMD part, we use the formula for the dipole excitation probability by a relativistic Coulomb field,4) which is written to be (8) where ~=Exb/nrv is the adiabaticity parameter, Ex is the transition energy, iJ is the velocity of the projectile, r is the Lorentz dilation factor, Z is the proton number of the target nucleus, b is the impact parameter, and B(E1, t) is the dipole transition strength. Kn(~) is the modified Bessel function of order n. The EMD cross section dlMD is obtained by the integration over the impact parameter b:
where bo is the minimum value of the impact parameter. According to Ref. 1) , the value b o is determined as the sum of the interaction radii RI of the target and the projectile. The interaction radii and the impact parameters of the target and projectile nuclei are shown in Table II . We use the H-F wave functions for the calculations of the reaction cross sections. It was shown in Refs. 3) and 5) that the small separation energy is responsible for the increase of the radii of radioactive nuclei. We take into account the nature of the loosely-bound OP1!2-state by using the modified H-F potential whose central part is adjusted to reproduce the empirical separation energy. The single particle wave functions except the OPitZ-state are calculated with the H-F potential of the Skyrme interaction SIll. The two kinds of Op wave functions are adopted in the analysis.
Case (1) is obtained mith the modified H-F potential adjusted for the one nucleon separation energy 1.0 MeV, while case (2) is calculated with the potential adjusted for the half of the two nucleon separation energy 0.1 MeV. The former density is denoted as PPl(r), while the latter is called PP2(r). The density profiles are given in Fig. 1 .
The strength distributions of dipole states in llLi have been calculated recently by taking into account the configuration space up to 3n(J) excitation. 8 ) As the effective interaction, the Millener-Kurath o,ne is adopted and the Hartree-Fock single particle wave functions are used in every stage of the shell model calculations, namely, for the two-body matrix elements and also for the transition strengths. The results for the giant dipole states in llLi are shown in Fig. 2 . Cases (1) and (2) correspond to the results with different separation energies for the OPl/Z state. The main peak appears at the excitation energies Ex=10~15 MeV exhausting 60% of the energy weighted sum rule value. We found appreciable transition strengths below Ex=l MeV which have 10% of the total transition strengths calculated in the present study. These strengths contribute significantly to the EMD cross section since the virtual photon spectrum N r is increased rapidly at very low energy as is shown in Fig. 3 of the main peak at the excitation energy Ex=10~ 15 MeV is not changed in two calculations, but the low energy peaks at Ex=l and 5 MeV are enhanced in the latter case (2). We listed the calculated results in Table III . The cross section due to the nucleon-nucleon interaction is dominant for every target. The EMD cross section is negligible for light targets Be and C, but it becomes appreciable for heavy targets Cu and Pb_ SInce the density distribution of l1Li for case (2) has much longer tail, (J~UCI EMD Cross Sections is larger for the second density than that for the former one. Kobayashi et al.l) obtained the 6JUCI part of the cross section by using the formula (10) where R1(P) and R1( T) are the interaction radii of the projectile and the target. The values are listed in Table II . The formula (10) gives quite close results to those with the density PP1(r) in our case, from light to heavy targets. The difference between the results by Eq. (10) and by PP1(r) is less than 100 mb for all targets. On the other hand, the density PP2(r) with the very loosely bound neutrons (S2n/2=0.1 MeV) gives much enhancement of the 6Jucl cross sections, especially, on heavy targets. The difference between the present two calculations with PP1(r) and PP2(r) is 5% for Be target, but becomes more than 10% for heavy targets eu and Pb. The calculated results reproduce well the experimental ones except the Pb case. In particular, the calculated total cross sections with the density PP2(r) show better agreement with the experimental data than those with PP1(r). The difference in the case of Pb might be improved when one takes account We also calculated the interaction cross sections for the case of the incident energy Elab /A=40 MeV. The experimental data to be compared are not yet obtained,· but the enhancement of both· cross sections is expected. The calculated results are shown in Table IV .
We used the sum of the interaction radii RI(P) and RI( T) as the impact parameter of the formula (9) Table II . This value gives 8% larger EMD cross section than that in Table III for Pb, but does not change appreciably the total cross section.
In the case of high energy projectile, the EMD cross sections induced by other multi poles might be negligible compared with that due to GDR. The virtual photon spectra neE) of E1, M1 and E2 are shown in Fig. 3 . The EMD cross section due to the giant quadrupole resonance (GQR) is expressed approximately as a function of the excitation energy Ex, (11) where the 6/ 2 is the photonuclear absorption cross section of GQR. In Eq. (11), it is assumed that the single GQR exhausts the energy weighted sum rule value. When the excitation energy of GQR is assumed to be the systematic value E x=62/A l/3 MeV=28 MeV in l1Li, the 6lMD(GQR) becomes 3.3 mb and 0.074 ~b for Elab/A=800 MeV and E 1ab/A=40 MeV, respectively. When one takes much lower value for the excitation energy Ex=10 MeV as an example, the cross section becomes 11 mb for E 1ab/A=800 MeV and 31 mb for E 1ab/A=40 MeV. The contribution of GQR becomes appreciable when the GQR has the low excitation energy around Ex~10 MeV, but certainly smaller than that due to the GDR.
We do not take into account the effects of Coulomb and nuclear potentials, Fermi motion and Pauli blocking in this study. It is shown in Ref. 13 ) that the simple Glauber model describes reasonably well the experimental results of medium energy and high energy reaction cross sections because of a large cancellation of the above effects. § 4. Summary In summary, we studied the reaction cross sections due to the nucleon-nucleon interaction 6AuCI and the electromagnetic interaction 6lMD in l1Li by using realistic nuclear wave functions. The wave function of llLi is calculated by usig the modified H-F potential in order to reproduce the nature of loosely-bound neutrons, while the density of the target is obtained from the phenomenological fit to the electron scattering data. The calculated (J~UCI is very close to that from the simple formula (10) when the separation energy of OPlI2-orbit is adjusted for the one nucleon separation energy 1.0 MeV, On the other hand, the (J~UCI cross section is 5 ~ 30% larger than the formula (1'0) when one uses the density PP2(r) obtained with the OPlI2 wave function having the half of the two-nucleon separation energy 0.1 MeV. The (J~MD cross section is calculated by assuming the process induced by; :the GDR. The strength distributions of GDR are calculated bythe-large scale shell model taking into account thedJature of loosely-bound neutrons in OPli2-orbit. In general, the (J~MD cross section is much smaller than the (J~UCI cross section except Pb. The (J~MD cross section due to the GQR is also examined and found to be much smaller than that due to the GDR in general. Our calculations reproduce well the total reaction cross sections at Elab/A=800 MeV except Pb. The results with Elab/A=40 MeV are also calculated by using the same formulas. The large enhancement of the cross sections is expected in the low energy case.
